Background: Cerebral glutathione (GSH), a marker of oxidative stress, has been quantified in neurodegenerative diseases and psychiatric disorders using proton magnetic resonance spectroscopy (MRS). Using a reproducible MRS technique is important, as it minimizes the impact of measurement technique variability on the study results and ensures that other studies can replicate the results. Hypothesis: We hypothesized that very short echo time (TE) acquisitions would have comparable reproducibility to a long TE MEGA-PRESS acquisition, and that the short TE PRESS acquisition would have the poorest reproducibility. Study Type: Prospective. Subjects/Phantoms: Ten healthy adults were scanned during two visits, and six metabolite phantoms containing varying concentrations of GSH and metabolites with resonances that overlap with GSH were scanned once. Field Strength/Sequence: At 3T we acquired MRS data using four different sequences: PRESS, SPECIAL, PR-STEAM, and MEGA-PRESS. Assessment: Reproducibility of each MRS sequence across two visits was assessed. Statistical Tests: Mean coefficients of variation (CV) and mean absolute difference (AD) were used to assess reproducibility. Linear regressions were performed on data collected from phantoms to examine the agreement between known and quantified levels of GSH. Results: Of the four techniques, PR-STEAM had the lowest mean CV and AD (5.4% and 7.5%, respectively), implying excellent reproducibility, followed closely by PRESS (5.8% and 8.2%) and SPECIAL (8.0 and 10.1%), and finally by MEGA-PRESS (13.5% and 17.1%). Phantom data revealed excellent fits (R 2 0.98 or higher) using all methods. Data Conclusion: Our data suggest that GSH can be quantified reproducibly without the use of spectral editing. Level of Evidence: 2 Technical Efficacy: Stage 2
Historically, GSH has been difficult to quantify due to the overlapping resonances of other metabolites within the human brain such as myo-Inositol, creatine, glutamate, glutamine, glucose, and c-aminobutyric acid. 9 However, with the advent of improved hardware, higher field strengths, and improved localization techniques, quantification of cerebral GSH has been possible. Currently, the most commonly utilized MRS localization techniques to quantify GSH are: PRESS, 2,10,11 PR-STEAM, [12] [13] [14] [15] SPECIAL, 3, 5, 16 and MEGA-PRESS.
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Here we quantified GSH using all four techniques in 10 healthy volunteers twice in order to assess and compare the reproducibility of the aforementioned techniques. We also quantified GSH using all four techniques in phantoms that contained varying concentrations of GSH as well as several other overlapping metabolites. Previous comparison studies focused on GSH often compared localization techniques or echo times (TE). One study showed that GSH quantification was comparable between 68 msec TE MEGA-PRESS and a very short 5 msec TE STEAM sequence in humans at 4T, 20 while another showed that
GSH measured with PRESS (TE 5 35 msec) were inconsistent with actual GSH levels in phantoms, especially at low GSH levels, and inferior to MEGA-PRESS at TE 5 130 msec. 21 Two other studies showed that GSH spectral editing using longer TEs (120-130 msec) was superior to shorter TEs (68-70 msec) in phantoms and humans. 22, 23 Therefore, we hypothesized that the very short TE acquisitions (ie, PR-STEAM and SPECIAL) would have comparable reproducibility to a 120-msec TE MEGA-PRESS acquisition, and that the short 30-msec TE PRESS acquisition would have the poorest reproducibility.
Materials and Methods

Acquisition
All studies were conducted on a 3T Siemens TIM Trio MR system (Erlangen, Germany) with a 32-channel head coil. The study protocol was approved by the local Institutional Review Board, and all participants provided written informed consent. MP-RAGE anatomical images were acquired and utilized for prescription of a 24-cm 3 spectroscopic voxel in the medial frontal lobe, which included the anterior cingulate ( Fig. 1 23 The following parameters were identical for all four sequences: TR 5 2000 msec, spectral width 5 2.5 kHz, and 2048 complex points. To minimize chemical shift dispersion, the offset frequency was set to -2.7ppm for the nonediting sequences (PRESS, SPECIAL, and PR-STEAM) and -1.7 ppm for MEGA-PRESS. To ensure consistent spectral quality throughout the scan, the shim values were checked between each sequence and adjusted manually when necessary. A water reference (NEX 5 16) was acquired with each of the four sequences for phase and eddy current correction as well as quantification.
Analysis
The Siemens TWIX data were exported for each of the four sequences. PRESS and SPECIAL data were frequency, and phasecorrected prior to quantification using FID-A, 24 while PR-STEAM data were frequency-and phase-corrected using in-house MatLab code (MathWorks, Natick, MA). Basis sets for PRESS, SPECIAL, and PR-STEAM were simulated using ideal RF pulses and included the following metabolites: alanine (Ala), aspartate (Asp), creatine (Cr), c-aminobutyric acid (GABA), glucose (Glc), glutamate (Glu), glutamine (Gln), GSH, glycine (Gly), glycerophosphocholine (GPC), lactate (Lac), myo-Inositol (mI), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), phosphocholine (PCh), phosphocreatine (PCr), phosphoroylethanolamine (PE), scyllo-Inositol (sI), and taurine (Tau). These basis sets were imported into LCModel (v. 6.3-0I, Provencher, Oakville, Canada) and used for quantification. 25 Macromolecule signals in the short TE sequences were handled using LCModel, which automatically includes a basis set of macromolecules and accounts for their presence within the spectrum. In LCModel, wconc was set to 55556 for all sequences so that the results were referenced to tissue water. Also in LCModel, atth2o was set to 0.92 for PR-STEAM and SPECIAL and 0.687 for PRESS. The phantom data were also analyzed using vitro5T per the LCModel manual. After fitting in LCModel, only GSH levels with Cram er Rao Lower Bounds (CRLB) 20% were included in statistical analyses. For MEGA-PRESS, data were analyzed using Gannet 3.0, 26 which applied frequency and phase correction to the data prior to fitting. Only GSH/Water ratios with fit errors below 15%, similar to GABA, 27 were used for further analyses. GSH levels from all four sequences were corrected for the proportion of gray matter, white matter, and cerebrospinal fluid (CSF) within the spectroscopic voxel using MatLab code based directly on the work of Gasparovic et al. 28 All GSH levels are reported in institutional units.
To test the accuracy of GSH quantification of each of the four sequences, six phantoms were built with varying concentrations of GSH: 0 mM, 1 mM, 1.75 mM, 2.5 mM, 5 mM, and 10 mM. Due to their overlapping resonances with GSH, the following metabolites were also included at neurobiological concentrations, as suggested by Govindaraju et al 9 : Asp, choline (Cho), Cr, GABA, Glc, Gln, Gln, mI, and NAA. Each of the six phantoms was scanned with the same localization sequences: PRESS, STEAM, SPECIAL, and MEGA-PRESS in a randomized order. The following parameters were identical for all four sequences: repetition time (TR) 5 10,000 msec, volume of interest (VOI) 5 24 cm 3 , NEX 5 64, spectral width 5 2.5 kHz, and 2048 complex points. All other scan parameters were identical to those used in the human experiments listed previously, including a water reference acquisition to be used for phase and eddy current correction as well as quantification. All phantom data were apodized by a 2 Hz exponential function prior to processing in LCModel (PRESS, STEAM, and SPECIAL) or Gannet (MEGA-PRESS). Linear regressions assumed to pass through the origin were computed for each sequence to determine how well the known concentrations of GSH matched with the quantified GSH concentrations from either LCModel or Gannet.
Statistical Analysis
To show that spectral quality was maintained across sequences within and between sessions, a coefficient of variation (CV in %) of shim full-width half-maximum (FWHM) values was computed for each spectrum, then a Wilcoxon test on the paired CVs for session 1 and session 2 was performed to test for differences in spectral quality between sessions with significance set to P < 0.05. Since MEGA-PRESS's signal is much smaller than the other sequences, the spectrum is scaled in order to maximize the visibility of the peaks within the spectrum (zoomed in 310,000). Data acquired using PRESS, SPECIAL, and PR-STEAM were analyzed using LCModel, and the MEGA-PRESS data were analyzed using Gannet 3.0. A single GSH resonance is observable at 2.95 ppm in MEGA-PRESS spectrum (d, highlighted with a red box), whereas the four GSH resonances at 2.15, 2.53, 2.95, and 3.77 ppm are present in the other three spectra (a-c). These resonances are highlighted with red boxes surrounding the locations for GSH at 3.77 ppm, 2.95 ppm, and a combined box for peaks at 2.15 and 2.53 ppm.
Differences in GSH levels were assessed via one-way analysis of variance (ANOVA) with main effect of sequence (significance set at P < 0.05). Reproducibility between sessions was assessed via mean CV (in %) and mean absolute difference (AD in %).
Results
Representative spectra acquired from each of the four sequences are shown in Fig. 2 . Data from all the sequences were of excellent quality. The mean shim FWHM (6 standard deviation) for visit 1 and visit 2 were 16.1 6 0.9 Hz and 16.4 6 1.1 Hz, respectively, and the CV of the shim FWHM across sequences was 0.60% (range: 0-1.2%) for session 1 and 0.73% (range: 0.33-1.68%) for session 2. The CVs between sessions were not significantly different (P 5 0.441); thus, spectral quality was consistent across sessions. Table 1 summarizes mean GSH levels and reproducibility metrics for the four sequences. MEGA-PRESS GSH levels were comparable to PRESS GSH levels (P 5 0.096), and PR-STEAM and SPECIAL GSH levels were comparable (P 5 0.90). MEGA-PRESS and PRESS GSH levels were significantly lower (P <0.05) than PR-STEAM and SPECIAL GSH levels. Mean GSH CRLBs (6standard deviations) reported by LCModel were 5.4 6 0.7% and 5.3 6 0.4% for PRESS during sessions 1 and 2, 5.2 6 0.6% and 5.3 6 0.8% for SPECIAL during sessions 1 and 2, and 4.9 6 0.3% for PR-STEAM during both sessions. Fit errors reported by Gannet for GSH were 5.6 6 2.3% for session 1 and 5.6 6 1.8% for session 2. No GSH data from these three sequences were excluded due to CRLB, and all MEGA-PRESS GSH data were included as well.
In terms of mean CV, PR-STEAM had the lowest CV of 5.4% followed by PRESS of 5.8%, SPECIAL of 8%, and finally MEGA-PRESS with a CV of 13.5%. For mean AD, PR-STEAM had the lowest AD of 7.5% followed by PRESS (8.2%) and SPECIAL (10.1%). MEGA-PRESS had the highest mean AD of 17.1%.
For the phantom experiments, the mean shim FWHM for the six phantoms was 3.5 6 0.1 Hz. Actual GSH concentrations versus quantified GSH concentrations and resultant linear regressions are shown for SPECIAL, PRESS, and PR-STEAM, and MEGA-PRESS in Fig. 3 . Plots of the phantom data acquired using the four different sequences are shown in Fig. 4 . As expected, CRLBs decreased as the concentration of GSH increased. PRESS had the largest deviations between actual and quantified GSH levels, while PR-STEAM, SPECIAL, and MEGA-PRESS were comparable in terms of the actual versus quantified GSH levels, with one exception at 0 mM. At this concentration, PRESS, PR-STEAM, and SPECIAL all detected trace amounts of GSH, whereas MEGA-PRESS reported no GSH concentration. Overall, linear fits between actual GSH concentration and quantified GSH concentration were excellent (Table 2) . MEGA-PRESS linear regression fits were the best out of the four sequences with R 2 5 0.998 followed by SPECIAL, 
Discussion
In this study we compared the reproducibility of four commonly used techniques to quantify cerebral GSH in vivo.
Of the four techniques, PR-STEAM had the lowest mean CV and AD followed by PRESS, SPECIAL, MEGA-PRESS. Short TE sequences had better reproducibility in humans compared to spectral editing, since MEGA-PRESS had the highest mean CV and AD. Phantom data showed excellent linear regression fits for all four sequences, with MEGA-PRESS having the best overall fit and PRESS having the lowest fit. Overall, these data suggest that GSH can be accurately and reproducibly quantified using any of the methods tested, either with or without the use of spectral editing. The choice to use spectral editing for GSH detection is generally based on the notion that spectral editing will improve reproducibility over conventional methods, such as PRESS, wherein the GSH peaks are not visible to the naked eye. The findings of this study suggest the opposite: that unedited short-TE MRS approaches provide more reproducible GSH quantification compared to spectral editing. The improved reproducibility is likely attributable to two factors. First, the use of short TEs simultaneously reduces Jcoupling-dependent phase dispersion and T 2 relaxation, which improves signal-to-noise ratio (SNR). Second, while spectral editing optimizes the detection of a single GSH resonance at 2.95 ppm, conventional MRS allows efficient detection of four distinct GSH resonances (at 2.15, 2.53, 2.95, and 3.77 ppm). This effectively improves SNR further, while also improving the linear independence of the GSH signal from the multiple overlapping resonances.
Similar to a previous study, 21 we also found notable differences in GSH measurements from the metabolite phantoms using four different localization sequences. In the MEGA-PRESS phantom data, no observable GSH was quantified in the phantom containing 0 mM of GSH. The MEGA-PRESS sequence is optimized to detect only the In this study we opted to keep GSH in the LCModel basis set when analyzing phantom data, even though GSH was not present in the 0 mM phantom, for consistency. However, LCModel will attempt to fit all metabolites in the provided basis set and adjust the fits of other metabolites to do so. This potentially led to the overestimation of GSH in the 0 mM GSH phantom and highlights a potential measurement bias at lower levels of GSH. This may also be partly due to the fact that it is not possible for LCModel to return negative concentration values; thus, whereas LCModel can either over-or underestimate the concentration in the nonzero GSH phantoms, in the somewhat unrealistic scenario of a zero GSH concentration, LCModel can, in the presence of errors, only overestimate GSH levels. This fact is supported by the observation that, at all other GSH concentrations, GSH measurements were comparable between MEGA-PRESS, SPECIAL, and PR-STEAM, with PRESS being the poorest. The potential implication of these results is that when using an MRS technique to study a specific illness or disease, one may consider the dynamic range of how GSH levels are expected to change. Based on the phantom work, potential changes that may result in substantially depleted GSH or an absolute measurement of GSH is required may be best detected using MEGA-PRESS, even with the slightly worse reproducibility. Despite the systematic errors inherent in the nonediting techniques at very low GSH concentrations, all four sequences, particularly very short TE sequences, may be considered for other conditions where GSH is expected to increase or decrease. While all four sequences had excellent linear fits of R 2 0.98 for the phantom data, there were some differences between them in terms of slope. As noted previously, at lower concentrations of GSH, MEGA-PRESS was able to correctly identify 0 mM of GSH within a phantom, but at higher GSH concentrations, all four sequences were comparable. When the linear regression model was restricted to pass through the origin such that the actual 0 mM GSH concentration resulted in no quantifiable GSH, the slopes or b GSH for MEGA-PRESS, SPECIAL, and PR-STEAM were very similar (0.827, 0.866, and 0.825). PRESS, on the other hand, had a slope or b GSH of 0.617, suggesting that it may be less sensitive to detecting changes in GSH. If we did not restrict the y-intercept and examine the three sequences that overestimated 0 mM GSH concentration, the y-intercepts were all not significant (P > 0.26); thus, the initial starting value had little influence on the slope or potentially the sensitivity of the measurements. Overall, while the three nonedited sequences overestimate 0 mM GSH, the bias in the GSH measurements appears to only be at nonphysiological concentrations of GSH. At more physiologically relevant concentrations of GSH, MEGA-PRESS, SPECIAL, and PR-STEAM appear to be more sensitive than PRESS in phantoms.
There are several factors that may contribute to the significantly higher PR-STEAM and SPECIAL GSH levels compared to PRESS. First, the very short TEs of PR-STEAM and SPECIAL leads to less signal loss due to Jcoupling and T 2 relaxation compared to PRESS, which may lead to the higher GSH levels. Second, as evidenced with the phantom data, PRESS was less sensitive to detecting GSH than PR-STEAM and SPECIAL, which could lead to the lower GSH levels observed with PRESS. Even though PRESS had very good reproducibility, which was comparable to PR-STEAM and SPECIAL in humans, it appears as though these measurements may consistently underestimate GSH levels.
While the mean GSH levels reported in this study varied according to the localization sequence used, each sequence had GSH levels similar to previously published studies. When compared to previous studies using PR-STEAM in healthy controls, the GSH levels or GSH/tCr levels are within the 95% confidence intervals of the levels reported. 13, 14 Even though the voxel size and partial volume correction technique varied, the PRESS GSH levels reported here are similar to those in healthy volunteers in another study with the voxel placed in the ventral anterior cingulate, 2 and are slightly lower than the mean GSH levels from the dorsomedial prefrontal cortex in healthy controls 29 or from the left anterior cingulate in healthy controls. 21 When calculated relative to total creatine, GSH/tCr levels in this study were similar to or slightly higher than healthy control GSH/tCr levels measured using SPECIAL from the medial prefrontal cortex. 3 In terms of MEGA-PRESS GSH values, Chan et al reported GSH integrals, which were integrals normalized to the summation of the integrals per subject and averaged across all subjects, 23 while Sanaei Nezhad et al reported GSH levels relative to water. 21 In contrast, Terpstra et al reported GSH levels normalized to an assumed NAA concentration of 10 mM, 20, 30 and An et al reported GSH levels normalized to 8 mM of creatine. 22 Due to differences in concentration referencing (relative to water vs. relative to
Journal of Magnetic Resonance Imaging a specific metabolite), voxel placement, basis set modeling, and quantification, direct comparisons between our GSH levels and previously published levels are difficult; however, our GSH levels using MEGA-PRESS are slightly lower than Sanaei Nezhad et al, but still within the nominal range. Nevertheless, the GSH levels reported here are within similar ranges reported by Govindaraju et al and Cooper and Kristal, 9, 31 suggesting that these are valid metrics to quantify GSH. To our knowledge, there are very few reproducibility studies that reported GSH levels at 3T in the frontal lobe. Three previous studies that assessed reproducibility in the anterior cingulate cortex or frontal lobe using PRESS at 3T did not report GSH levels or reproducibility metrics. [32] [33] [34] In terms of the PR-STEAM sequence, the mean CV and mean AD for GSH quantified in this study from the medial frontal lobe were very similar to a previous study in the anterior cingulate. 14 While not in the anterior cingulate, two other studies using short TE semi-LASER in the hippocampus and posterior cingulate of healthy adults scanned twice either 1 month or 1 week apart showed that GSH was reproducibly measured with CVs of 18% and 10%, respectively. 35, 36 Thus, the mean CVs reported in this study for PRESS, SPECIAL, and PR-STEAM are comparable or slightly better than previously published reports from different brain regions. Our finding of improved reproducibility of PRESS over MEGA-PRESS in humans contrasts with a previous study 21 that suggested using spectral editing over PRESS to measure GSH at 3T, especially for GSH levels below 4 mM. There are several major differences between this previous study and our study. First, GSH coupling constants differed such that the previous study used GSH-glycine couplings from Kaiser et al, 37 which suggest simulating this resonance as a doublet. In contrast, this study used the GSH-glycine couplings from Govindaraju et al, 9 which suggests simulating this resonance as a singlet. We quantified the data with a simulated basis set with coupling constants from Kaiser et al and observed comparable CVs and R 2 to those from data fit using a basis set with Govindaraju et al couplings presented here. Second, two different programs were used to simulate the basis sets used for quantification (NMRSCOPE vs. VESPA) and the composition of both basis sets differed. Third, the RF pulse timings, editing pulse bandwidths, and TEs differed as well. Here, we used the Siemens MEGA-PRESS work-in-progress (WIP) sequence, whereas the other study used a sequence for a Philips scanner (Best, Netherlands). Fourth, the software used to quantify GSH from MEGA-PRESS differed as well (AMARES vs. Gannet). All of these differences could explain why our PRESS phantom fits differed greatly from the other study's PRESS phantom fits. Despite these differences in findings, this work suggests that short TEs sequences are more reproducible than MEGA-PRESS.
The TE chosen for the MEGA-PRESS acquisition in this study was based on the comparison work of An et al in phantoms 22 and Chan et al in both phantoms and humans. 23 In phantoms, An et al showed that the maximal GSH peak amplitude occurred at 131 msec TE and not at 70 msec TE using J-PRESS, 22 while Chan et al showed that the SNR and quantification of GSH was better with a TE of 120 msec, in contrast to the 68 msec TE suggested by Terpstra et al. 20 There is a possibility that the reproducibility of MEGA-PRESS with a TE of 68 msec may be better than a TE of 120 msec. However, since we did not acquire MEGA-PRESS with a TE of 68 msec, we cannot comment on the reproducibility. There are several limitations to this study. The macromolecule background is observable in the very short and short TE sequences used here. Individual metabolite-nulled spectra were not acquired for each sequence in each person in the interest of time available to complete the study and to maintain subject comfort throughout the study. However, macromolecule signals were taken into account, since LCModel incorporates a macromolecule basis set when fitting. Further, studies by Schaller et al and Cudalbu et al concluded that using a simulated basis set is adequate for quantification. 38, 39 Future studies are warranted to study the impact of individualized macromolecule spectra on fitting. Another limitation is that reproducibility was only assessed in one brain region and may not translate to other regions of the brain. A third limitation is that different software packages were used to quantify GSH. Gannet was used for the MEGA-PRESS data, and LCModel was used for all other data since these two packages are frequently used in the field of MRS for edited and nonedited data, respectively. By using two different quantification packages, it is unclear from our data whether the accurate detection of 0 mM GSH in a phantom by MEGA-PRESS and overestimation of GSH by the three other sequences is due to the localization technique or the quantification software. More studies are needed to compare fitting algorithms. Reassuringly, the overall linear fits for actual versus quantified GSH concentrations across the four sequences are very similar, especially at neurobiologically relevant concentrations of GSH.
In conclusion, reproducible quantification of GSH can be achieved without the use of spectral editing techniques, and in fact, the data presented here suggests that nonediting techniques are comparable to or better than a spectral editing technique.
